Mycoplasma mobile, a fish pathogen, glides on solid surfaces by 26 repeated catch, pull, and release of sialylated oligosaccharides by a unique 27 mechanism based on ATP energy. The gliding machinery is composed of huge 28 surface proteins and an internal "jellyfish"-like structure. Here, we elucidated 29 the detailed three-dimensional structures of the machinery by electron 30 cryotomography. The internal "tentacle"-like structure hydrolyzed ATP, which 31 was consistent with the fact that the paralogs of the α-and β-subunits of 32 F 1 -ATPase are at the tentacle structure. The electron microscopy suggested 33 conformational changes of the tentacle structure depending on the presence of 34 ATP analogs. The gliding machinery was isolated and shown that the binding 35 activity to sialylated oligosaccharide was higher in the presence of ADP than in 36 the presence of ATP. Based on these results, we proposed a model to explain 37 the mechanism of M. mobile gliding. 38 39 IMPORTANCE The genus Mycoplasma is made up of the smallest parasitic 40 and sometimes commensal bacteria; Mycoplasma pneumoniae, which causes 41 human "walking pneumonia," is representative. More than ten Mycoplasma 42 species glide on host tissues by novel mechanisms always in the direction of the 43 distal side of the machinery. Mycoplasma mobile, the fastest species in the 44 genus, catches, pulls, and releases sialylated oligosaccharides (SOs), the 45 carbohydrate molecules also targeted by influenza viruses, by means of a 46 specific receptor and using ATP hydrolysis for energy. Here, the architecture of 47 the gliding machinery was visualized three-dimensionally by electron 48 cryotomography (ECT), and changes in the structure and binding activity 49 4 coupled to ATP hydrolysis were discovered. Based on the results, a refined 50 mechanism was proposed for this unique motility. 51 52 (INTRODUCTION) 53 Mycoplasmas are parasitic and occasionally commensal bacteria that lack 54 peptidoglycan layers and have small genomes (1, 2). Mycoplasma mobile, a 55 fish pathogen, has a membrane protrusion, a gliding machinery at one pole and 56 glides in the direction of the protrusion ( Fig. 1A) (3-6). The average speed is 57 2.0 to 4.5 μm/s, or 3 to 7 times the cell length /s, with a propulsive force up to 113 58 pN (Movie S1) (7-10). This motility, combined with the ability to adhere to the 59 host cell surface, likely plays a role in infection, as has been suggested for 60 another species, Mycoplasma pneumoniae (4, 11, 12). The motor proteins 61 involved in this motility are unlike the motor proteins involved in any other form of 62 bacterial or eukaryotic cell motility (3-6, 13, 14).
presence of each of AMPPNP, ADP-V i , ADP-AlF x and ADP, and absence of 145 nucleotide (None) were selected, and integrated into nine classes from 108, 101, 146 109, 102, and 109 images, respectively. The distance between the minimum 147 peaks of particle in density profile was measured and averaged for the nine 148 classes in each nucleotide state. The interval of the particles was about 2 nm 149 longer under the conditions that included AMPPNP, ADP-V i , and ADP-AlF x 150 compared to the interval in the presence of ADP and the absence of nucleotides. 151 The significance of these differences was approved by Student's t-test (*: p < 152 0.05). These results show that the structural change occurs at the tentacle 153 structure, depending on the ATP hydrolyzing forms.
154
Preparation of the gliding head. To examine coupling between SO 155 binding and ATP hydrolysis, we intended to isolate the gliding machinery. In a 156 previous study, M. mobile cells were elongated by treatment with detergents and 157 their gliding was analyzed (8). In the present study, we found that, in the 158 elongated cells, the small portion of the back end of the cell (i.e., the end 159 opposite the gliding direction) that begins to pull away from the main body of the 160 cell rarely fully detaches and glides away (Fig. S3A ), a result which has also 161 been observed in M. pneumoniae, and may arise from the same mechanism 162 (38). Basically, an M. mobile cell usually has only one gliding organelle at a 163 pole, but during the preparation for cell division, it sometimes has two gliding 164 machineries at both poles (39, 40) . The gliding force directing to both sides 165 occasionally generates tension in the elongated cell, resulting in the detachment 166 of one machinery from the other part. Since the pole in the gliding direction is 167 named the "head," we call the detached machinery the "gliding head." The 168 9 above observation showed that the small part of the cell can glide without the 169 other parts, suggesting that it might be possible to artificially isolate the gliding 170 machinery. To investigate this possibility, we elongated the cultured cells by 171 treatment with 0.1% Tween 60, then sonicated and subjected them to 172 sucrose-gradient centrifugation, and isolated fraction containing the gliding 173 heads ( Fig. 4A and Movie S6). The gliding heads were reactivated for gliding 174 by placing them on an SOs-coated glass slide and adding ATP, as described 175 previously for a permeabilized cell model called the "gliding ghost" (27) (28) (29) image showed that most of the cell pieces in the fraction contained the gliding 181 machinery based on the observation of the internal jellyfish-like structure. The 182 machinery could be observed more easily in the gliding head than in the intact 183 cells due to the removal of the cytosol, which improved the image contrast 184 compared to the intact cells. However, the contrast was not better than that of 185 the permeabilized cells, because the structures of the gliding heads were still 186 densely packed.
187
Speed and glass binding of the gliding head. We next examined the 188 movements of gliding heads under various concentrations of ATP ( Fig. 3A ).
189
The gliding speed increased with the ATP concentration, adhering simply to the suggesting that the catch of SOs by feet in different ATP forms can be monitored 206 through the binding of gliding heads to the glass. Then, the gliding heads were 207 mixed with various concentrations of ATP, ADP, ADP-V i , or ADP-AlF x , inserted 208 into a tunnel of glass slides, and traced to determine the number of bound gliding 209 heads (Fig. 4E ). The numbers of bound gliding heads at 10 min after the 210 insertion are presented as the ratio to that in 1 mM ATP. The presences of 211 ADP-V i and ADP-AlF x decreased the binding activity to 35% and 50%, 212 respectively, but ADP increased it to 220% of that without ADP, at 3 mM ADP. these novel bridges hold the internal jellyfish-like structure near the membrane, 235 and may play roles to transmit the force generated in the internal structure to the 236 cell surface. The tentacle structures observed in negatively-stained EM images 237 tend to appear as bundles ( Fig. 3B ), suggesting that they are bundled laterally 238 by an unknown structure. The lateral protrusions found in the averaged image 239 of tentacle shown by triangles in Fig. 2H may be responsible for this bundling.
240
A novel periodical undercoat was found at the head part, suggesting that this 241 undercoat connects the "bell", the front part of the jellyfish-like structure to the 242 front end of the cell membrane. Gli349 molecules has been estimated as 450 per cell, based on titration using a 255 monoclonal antibody in a previous study (19) , in good agreement with the 256 number of particles estimated in the present study. Therefore, a single leg may 257 be driven by a single particle on the tentacle structure. Gliding is driven by strokes 70 nm long, 1.5 pN in force, and its direction is 266 slightly tilted from the cell axis (7, 27, 28, 32) . (d) The propelling force is used 267 also to detach foot from SOs after stroke and foot generates drag before detach 268 (15, 18, 34) . (e) Foot can be detached to forward direction with 1.8 times less 
272
In the present study, the experimental data showed structural and functional 273 changes of gliding machinery coupled to ATP hydrolysis. First, the intervals 274 between the particles on the tentacle of jellyfish-like structure were about 5% 275 longer in the presence of ATP related "analogs" including AMPPNP, ADP+AlF x , 276 ADP+V i than those in ADP and none (Fig. 3C) . Second, the binding activity of 277 gliding head, probably occurring on foot of Gli349 to SOs was accelerated by 278 ADP than ATP-related analogs. This observation is consistent with the results 279 of previous studies that gliding cells stayed on the glass when they were 280 permeabilized by Triton (29). Probably, the gliding motors stayed in the ADP 281 form under this condition. These changes in binding activity are likely linked to 282 the structural changes found in the jellyfish-like structure. Actually, we found 283 novel bridges linking the jellyfish-like structure to the cell membrane ( Fig. 2E   284 right, H arrow head). Perspectives. The model discussed here is consistent with all data obtained 301 so far, but we need more information to discuss in a concrete way. First, we 302 need images of better resolution including the jellyfish-like structure itself, as well 303 as the structures around the cell membrane. We do not know even the 304 assembly of three large proteins on the surface, although the individual 305 structural outlines have been visualized (41, 42, 45, 46) . Second, the 306 conformational changes occurring with the ATP hydrolysis should be traced 307 including cooperativity in the machinery units.
308
Here, we found ATPase activity in the fraction of jellyfish-like structure.
309
This activity should be linked to the gliding motility, based on the following 310 observations. (a) The affinities to ATP estimated from Michaelis-Menten 311 kinetics were in similar ranges for the ATPase activity of the jellyfish-like structure and the gliding speed of the "head" (Fig. 3A) . (b) The ATPase activity 313 was also inhibited by sodium azide even with low affinity about hundred mM K d 314 as observed in gliding head, because azide is known to react specifically to the 315 catalytic subunits of the F 1 -ATPase β-subunit and its related proteins featured by 316 a P-loop or a "Walker A" motif (47). These characters were comparable to the 317 inhibitory effects on binding and gliding speed of gliding head (Fig. 4D) . (c) The 318 jellyfish-like structure changes the conformation depending on the bound ATP 319 analogs ( Fig. 3C ). (d) Among the 21 proteins identified in the gliding head, only 320 the ATP synthase paralogs of the jellyfish-like structure can be suggested for 321 ATPase from amino acid sequence ( Fig. S4A(i) ).
322
If the ATPase activity is derived from the β subunit paralog, its maximum 323 activity can be calculated as 0.09 turnover /s. This number can provide the 324 gliding speed of 4.5 μm per s, if we assume that mycoplasma cells can glide with 325 a stroke of 70 nm coupled with the ATP hydrolysis, occurring in one of the 450 326 legs (19). Alternatively, the ATPase activity may be stimulated when the legs 327 catch SOs in the gliding mechanism. If the catalytic subunits of F 1 -ATPase 328 paralog play the central roles in the gliding mechanism, this fact may suggest 329 that the gliding mechanism was evolutionally originated from the combination 330 between F 1 -ATPase and adhesin. It also suggests a novel evolutional 331 destination for F 1 -ATPase. (3, 5, 25) . 
MATERIALS AND METHODS

334
Strains and culture conditions. A mutant strain of M. mobile, P476R gli521, 335 which binds to SOs more tightly than the wild-type strain, was used in this study (7, 14, 18, 29) . Cells were cultured as previously described (21, 48) . The 337 non-gliding mutant strains, m13 and m23 mutated for the gli349 gene were 338 reported previously (7, 15, 18, 21) . covering an angular range from −70° to +70° with a nonlinear Saxton tilt scheme at 5-10 μm underfocus using the Xplore 3D software package (FEI). The other 361 experimental procedures were performed as previously described (49, 50) .
362
Images were generally binned two-fold and 3D reconstructions were calculated 363 using the IMOD software package (51). Fourier transform was calculated by 364 ImageJ 1.37v (http://rsb.info.nih.gov/ij/). For negatively-stained EM, the 365 jellyfish-like structures were prepared on the grid as previously described (22).
366
To examine the effect of ATP analogs, the Triton solution was removed after 367 washing by buffer A (2 mM MgCl 2, 20 mM Tris-HCl at pH 7.5), and the 368 jellyfish-like structure was treated with buffer A containing an ATP analog at 2 369 mM, ADP, AMPPNP, ADP-V i , or ADP-AlF x . The grid was stained for 1 min by 370 2% ammonium molybdate (wt/vol) and air-dried (22, 52). The specimens were 371 observed by a transmission electron microscope, JEM-1010 (JEOL, Tokyo, 372 Japan) at 80 kV, equipped by a FastScan-F214 (T) CCD camera (TVIPS, 373 Gauting, Germany). Image averaging was done by EMAN, version 1.9 (http:// 374 ncmi.bcm.tmc.edu/_stevel/EMAN/) for both EM methods. Surface-rending 375 images were obtained using the three-dimensional modeling software Amira 376 5.2.2 (Visage Imaging, San Diego, CA).
377
To analyze the change in the periodicity of the chain structure, the 378 negatively-stained images were captured at 0.744 nm per pixel (Fig. S2 ). More 379 than hundred images 45 pixel wide and 216 pixel long including a tentacle were 380 manually selected for each ATP analog. The obtained images were classified 381 and averaged into nine classes. The averaged images were profiled for a 382 rectangle 18 pixel wide and 83 pixel long. The distance between two negative 383 peaks corresponding to the center of particles were measured for all classes and 384 averaged.
